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Abstract 


We present a novel approach to quantum gravity based on the holographic prin- 
ciple and the idea of emergent spacetime. In our framework, called the Holographic 
Quantum Automaton (HQA) model, the fundamental building blocks of reality are 
quantum bits (qubits) of information, which live on a two-dimensional lattice and 
obey the laws of quantum mechanics. The geometry of spacetime emerges from the 
entanglement structure of the qubits, while the dynamics are governed by a quan- 
tum cellular automaton, which is a unitary and reversible map that acts locally 
on the lattice. Matter and fields arise as excitations or defects in the entangle- 
ment structure, leading to a unified description of quantum mechanics and general 
relativity. The HQA model makes several testable predictions, such as the discrete- 
ness of spacetime at the Planck scale, the holographic nature of gravity, and the 
emergence of the standard model of particle physics from the quantum automaton. 
We discuss the implications of the HQA model for black hole thermodynamics, the 
nature of time, the origin of the universe, and the prospect of simulating quantum 
gravity on a quantum computer. Our framework provides a new perspective on the 
nature of reality, in which space, time, and matter are emergent phenomena that 
arise from the fundamental principles of quantum information theory. 
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1 Introduction 


The unification of quantum mechanics and general relativity is one of the greatest chal- 
lenges in theoretical physics. Despite nearly a century of effort, we still lack a consistent 
theory of quantum gravity that can describe the nature of spacetime and matter at the 
Planck scale, where the effects of both theories become important. The main obstacle 
is the fundamental incompatibility between the smooth, continuous geometry of general 
relativity and the discrete, probabilistic nature of quantum mechanics [1]. 

In recent years, however, a new approach to this problem has emerged, based on 
the holographic principle and the idea of emergent spacetime [4]. The holographic 
principle states that the degrees of freedom in a region of space are encoded on its 
boundary, rather than in its volume. This suggests that gravity may be an emergent 
phenomenon that arises from the dynamics of a lower-dimensional system, such as a 
quantum field theory or a quantum computer [5} 6}. 

The idea of emergent spacetime, on the other hand, proposes that the smooth, continu- 
ous geometry of general relativity is an effective description that arises from the collective 
behavior of more fundamental, discrete building blocks, such as atoms, molecules, or bits 
of information [7 [8]. In this view, the laws of gravity and spacetime are not funda- 
mental, but emerge as a consequence of the underlying microscopic dynamics, in a way 
that is similar to the emergence of thermodynamics and hydrodynamics from statistical 
mechanics [9]. 

In this paper, we propose a new framework for quantum gravity that combines these 
two ideas into a unified description of spacetime and matter at the Planck scale. We 
call our framework the Holographic Quantum Automaton (HQA) model, as it is based 
on the idea that the fundamental building blocks of reality are quantum bits (qubits) of 
information, which live on a two-dimensional lattice and evolve according to a quantum 
cellular automaton [10]. 

The key idea of the HQA model is that the geometry of spacetime emerges from the 
entanglement structure of the qubits, in a way that is similar to the holographic principle. 
Specifically, we propose that the distance between two points in space is related to the 
mutual information between the corresponding qubits on the lattice, as measured by their 
entanglement entropy [11]. This leads to a novel realization of the holographic principle, 
in which the three-dimensional geometry of space is encoded in the two-dimensional 
entanglement structure of the quantum automaton. 

Moreover, we propose that the dynamics of the qubits are governed by a set of local, 
unitary, and reversible rules, which define a quantum cellular automaton [12]. These rules 
are designed to preserve the total entanglement entropy of the system, while generating 
a complex, self-organizing dynamics that leads to the emergence of matter and fields as 
excitations or defects in the entanglement structure. In this way, the HQA model provides 
a unified description of quantum mechanics and general relativity, in which both theories 
emerge as effective descriptions of the underlying quantum automaton. 


The HQA model has several advantages over previous approaches to quantum gravity, 
such as string theory [13], loop quantum gravity [14], and causal dynamical triangula- 
tions . First, it is based on a simple and well-defined mathematical framework, namely 
quantum cellular automata, which have been extensively studied in the context of quan- 
tum computation and quantum information theory [10]. Second, it provides a clear and 
intuitive picture of the nature of spacetime and matter at the Planck scale, in terms of 
the entanglement structure of the quantum automaton. Third, it makes several testable 
predictions, such as the discreteness of spacetime, the holographic nature of gravity, and 
the emergence of the standard model of particle physics from the quantum automaton. 

In addition, the HQA model has important implications for several foundational ques- 
tions in physics, such as the nature of time [16], the origin of the universe [17], and the 
prospect of simulating quantum gravity on a quantum computer [18]. In particular, it 
suggests that time may be an emergent concept that arises from the unitary evolution 
of the quantum automaton, rather than a fundamental aspect of reality. It also pro- 
vides a natural mechanism for the quantum creation of the universe from a pure state of 
the quantum automaton, without the need for an external observer or a classical back- 
ground spacetime. Finally, it suggests that it may be possible to simulate the dynamics 
of the quantum automaton on a large-scale quantum computer, providing a new tool for 
studying quantum gravity and testing the predictions of the HQA model. 

The structure of this paper is as follows. In Section |2| we introduce the concept of 
quantum cellular automata and their application to quantum gravity. In Section |3} we 
present the details of the HQA model, including the definition of the quantum automaton, 
the emergence of spacetime geometry from entanglement, and the dynamics of matter 
and fields. In Section |4| we discuss the implications of the HQA model for black hole 
thermodynamics, the nature of time, the origin of the universe, and the simulation of 
quantum gravity on a quantum computer. Finally, in Section we summarize our 
results and discuss future directions for research. 


2 Quantum Cellular Automata and Quantum Grav- 
ity 

Quantum cellular automata (QCA) are a generalization of classical cellular automata, in 
which the state of each cell is described by a quantum state vector, and the evolution of the 
system is governed by a unitary operator that acts locally on the cells [10]. QCA have been 
studied extensively in the context of quantum computation and quantum information 
theory, as they provide a natural framework for implementing quantum algorithms and 
simulating quantum many-body systems [12]. 

The basic structure of a QCA consists of a lattice of cells, each of which contains a 


finite-dimensional quantum system, such as a qubit or a qudit. The state of the QCA at 
each time step is described by a tensor product of the states of all the cells: 


WO) = @ kalo), (1 


where |z;(t)) is the state of the i-th cell at time t. 
The evolution of the QCA is governed by a unitary operator U, which acts on the 
state of the system at each time step: 


E+ LD) =U |b). (2) 
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The operator U is required to be local, meaning that it can only act on a finite number of 
neighboring cells at each time step. This ensures that the evolution of the QCA is causal 
and respects the speed of light limit. 

In addition, the operator U is required to be translation-invariant, meaning that it 
is the same for all cells in the lattice. This ensures that the QCA has a homogeneous 
and isotropic structure, which is a necessary condition for the emergence of a smooth, 
continuous spacetime geometry. 

The key idea behind using QCA for quantum gravity is that the lattice of cells can 
be interpreted as a discrete model of spacetime, with each cell representing a Planck- 
scale volume of space [18]. The quantum state of each cell describes the local geometry 
and matter content of that region of spacetime, while the unitary evolution of the QCA 
describes the dynamics of the system. 

In this picture, the smooth, continuous geometry of classical spacetime emerges as an 
effective description of the discrete QCA, in the limit of large scales and low energies. 
This is similar to how the smooth, continuous behavior of fluids emerges from the discrete, 
microscopic dynamics of molecules in statistical mechanics [7]. 

One of the main advantages of using QCA for quantum gravity is that they provide 
a natural way to incorporate the holographic principle [2} [3]. In a QCA, the number of 
degrees of freedom in a region of space is proportional to the number of cells in that region, 
which scales with the area of the boundary, rather than the volume. This suggests that 
the fundamental degrees of freedom of quantum gravity may live on a lower-dimensional 
surface, rather than in the bulk of spacetime. 

Another advantage of QCA is that they provide a natural framework for incorporating 
quantum information theory into quantum gravity. In a QCA, the quantum state of 
each cell can be interpreted as a quantum bit of information, which can be processed 
and transformed by the unitary evolution of the system. This suggests that the laws 
of quantum gravity may be intimately connected to the laws of quantum information 
theory, and that the structure of spacetime may be determined by the flow of quantum 
information {18}. 

Despite these advantages, there are also several challenges and open questions in using 
QCA for quantum gravity. One of the main challenges is to find a specific QCA model 
that can reproduce the known laws of quantum mechanics and general relativity in the 
appropriate limits. This requires a careful choice of the lattice structure, the local Hilbert 
space of each cell, and the unitary evolution operator U. 

Another challenge is to understand how to incorporate matter and fields into the 
QCA framework, and how to describe their interactions with the background spacetime 
geometry. In the HQA model, we propose that matter and fields arise as excitations or 
defects in the entanglement structure of the QCA, which allows for a unified description 
of quantum mechanics and general relativity. 

Finally, there is the question of how to extract observable predictions from the QCA 
model, and how to test them experimentally. In the HQA model, we propose several 
testable predictions, such as the discreteness of spacetime at the Planck scale, the holo- 
graphic nature of gravity, and the emergence of the standard model of particle physics 
from the quantum automaton. We also discuss the possibility of simulating the HQA 
model on a quantum computer, which could provide a new tool for studying quantum 
gravity and testing its predictions. 


3 The Holographic Quantum Automaton Model 


In this section, we present the details of the Holographic Quantum Automaton (HQA) 
model, which is a specific proposal for a quantum cellular automaton that can describe 
the dynamics of quantum gravity and the emergence of spacetime and matter. The HQA 
model is based on three main ideas: 


1. The fundamental building blocks of spacetime are quantum bits (qubits) of infor- 
mation, which live on a two-dimensional lattice and obey the laws of quantum 
mechanics. 


2. The geometry of spacetime emerges from the entanglement structure of the qubits, 
in a way that is similar to the holographic principle. 


3. The dynamics of the qubits are governed by a quantum cellular automaton, which 
is a unitary and reversible map that acts locally on the lattice and preserves the 
total entanglement entropy of the system. 


In the following subsections, we will elaborate on each of these ideas and show how 
they lead to a unified description of quantum mechanics and general relativity. 


3.1 Qubits on a 2D Lattice 


The starting point of the HQA model is a two-dimensional lattice of quantum bits 
(qubits), which we denote by £. Each site of the lattice contains a single qubit, which is 
described by a two-dimensional Hilbert space H; Y C?. The total Hilbert space of the 
lattice is given by the tensor product of the Hilbert spaces of all the qubits: 


H = &) Hi. (3) 
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The state of the lattice at each time step is described by a unit vector |q) € H, which 
can be written as a superposition of the basis states of the individual qubits: 


y= Say ay bin) @ +++ ® lew), (4) 
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where N is the total number of qubits in the lattice, and c;,_;,, are complex coefficients 
that satisfy the normalization condition Pb Gxrccaael Sule 

The choice of a two-dimensional lattice is motivated by several considerations. First, 
it is the simplest non-trivial lattice structure that allows for the emergence of a three- 
dimensional spacetime geometry, as we will see in the next subsection. Second, it is 
compatible with the holographic principle, which suggests that the fundamental degrees 
of freedom of quantum gravity live on a lower-dimensional surface, rather than in the 
bulk of spacetime. Third, it is amenable to numerical simulations and experimental 
realizations, as two-dimensional lattices of qubits can be implemented using a variety of 
quantum computing platforms, such as superconducting circuits [19], trapped ions [20], 
and photonic systems {21}. 


3.2 Emergent Spacetime from Entanglement 


The key idea of the HQA model is that the geometry of spacetime emerges from the 
entanglement structure of the qubits on the lattice. Specifically, we propose that the 
distance between two points in space is related to the mutual information between the 
corresponding qubits, as measured by their entanglement entropy. 

To make this idea precise, let us consider a region A of the lattice, which consists of 
a subset of the qubits. The reduced density matrix of region A is defined as 


pa =traly) I, (5) 


where A denotes the complement of A, and tr; denotes the partial trace over the qubits 
in A. 
The entanglement entropy of region A is defined as the von Neumann entropy of its 
reduced density matrix: 
S(A) = —tr pa log pa. (6) 


This quantity measures the amount of entanglement between region A and its complement 
A, and is a fundamental measure of the quantum correlations in the system. 

Now, consider two disjoint regions A and B of the lattice. The mutual information 
between A and B is defined as 


1(A, B) = S(A) + S(B) — S(AUB), (7) 


where S(A U B) is the entanglement entropy of the union of A and B. The mutual 
information measures the amount of correlation between the two regions, and is a non- 
negative quantity that vanishes if and only if A and B are uncorrelated. 

In the HQA model, we propose that the distance between two points in space is 
proportional to the mutual information between the corresponding regions of the lattice. 
More precisely, let x and y be two points in space, and let A, and A, be the corresponding 
regions of the lattice, centered around x and y, respectively. Then, the distance between 
x and y is given by 

a(a,y) = 7)| AeA) 8) 
P 
where Ip is the Planck length, which sets the fundamental scale of the lattice. 

This formula can be motivated by several considerations. First, it is dimensionally 
consistent, as the mutual information is a dimensionless quantity, and the Planck length 
has units of length. Second, it is consistent with the holographic principle, as the mutual 
information between two regions scales with the area of their boundary, rather than their 
volume. Third, it reproduces the expected behavior of the distance function in the limit of 
small and large separations. For small separations, the mutual information is proportional 
to the number of Bell pairs shared by the two regions, which scales linearly with their 
separation. For large separations, the mutual information decays exponentially with the 
distance, as the correlations between the two regions are exponentially suppressed. 

The emergence of a spatial geometry from the entanglement structure of the qubits 
is a key feature of the HQA model, and has several important consequences. First, it 
provides a natural explanation for the holographic nature of gravity, as the fundamental 
degrees of freedom that describe the geometry of space are the entanglement degrees of 
freedom of the qubits on the boundary. Second, it suggests that the topology of space is 


determined by the topology of the entanglement network, which can be different from the 
topology of the lattice. For example, a lattice with periodic boundary conditions can give 
rise to a torus-like spatial geometry, while a lattice with open boundary conditions can 
give rise to a disk-like geometry. Third, it implies that the curvature of space is related 
to the curvature of the entanglement network, which can be different from the curvature 
of the lattice. For example, a flat lattice can give rise to a curved spatial geometry if the 
entanglement structure is non-uniform. 

To make these ideas more precise, let us consider a small region of the lattice, and 
assume that the entanglement structure is approximately uniform over this region. Then, 
we can define a local metric tensor g;;(x) that describes the geometry of space in the 
vicinity of the point x. The metric tensor is defined as 


2 
Gij(€) = ee (9) 
x’ Oy iy 
where 7 and j are spatial indices, and the partial derivatives are taken with respect to 
the coordinates of the points x and y. 

The metric tensor defines a local notion of distance and angle, and allows us to 
construct geometric quantities such as the Christoffel symbols, the Riemann curvature 
tensor, and the Einstein tensor. These quantities describe the intrinsic geometry of space, 
and satisfy the Einstein field equations of general relativity in the limit of small curvature 
and low energy. 

In this way, the HQA model provides a concrete realization of the idea of emergent 
spacetime, in which the smooth, continuous geometry of classical general relativity arises 
as an effective description of the discrete, quantum structure of the entanglement network. 
The emergence of spacetime is a consequence of the collective behavior of the qubits, and 
is not put in by hand or postulated a priori. 


3.3 Quantum Cellular Automaton Dynamics 


The dynamics of the qubits in the HQA model are governed by a quantum cellular 
automaton (QCA), which is a unitary operator U that acts on the state of the lattice at 
each time step: 


W(é + 1)) =U |v(t)). (10) 
The operator U is required to be local, meaning that it can only act on a finite number 
of neighboring qubits at each time step, and translation-invariant, meaning that it is the 
same for all qubits in the lattice. 

In addition, we require that the QCA dynamics preserve the total entanglement en- 
tropy of the lattice, which is defined as the sum of the entanglement entropies of all the 
regions: 

Stor = S~ 5(A). (11) 
ACL 
This requirement ensures that the QCA dynamics are compatible with the emergent 
spacetime geometry, and do not lead to a violation of the holographic principle or the 
second law of thermodynamics. 

To construct a specific QCA model that satisfies these requirements, we start by 

defining a local Hamiltonian H that acts on a small neighborhood of each qubit, and 


generates the unitary evolution over a small time step ot: 
Uopae (12) 


The Hamiltonian H is chosen to be a sum of local terms that act on pairs of neighboring 
qubits: 
H= S- Hi;;, (13) 
(9) 
where (i,7) denotes a pair of neighboring qubits, and H;,; is a Hermitian operator that 
acts on the Hilbert space of the two qubits. 

The specific form of the local Hamiltonian H;; is chosen to reproduce the desired 
dynamics of the QCA, and to ensure that the total entanglement entropy is conserved. 
One possible choice is the Heisenberg XXX model, which is a well-studied model of 
quantum magnetism that exhibits rich entanglement dynamics [22]. The Heisenberg 
XXX Hamiltonian is given by 


Ay = J(XiX5 + ViY; + 2:25), (14) 


where X;, Y;, and Z; are the Pauli operators acting on the 7-th qubit, and J is a coupling 
constant that sets the strength of the interaction. 

The Heisenberg XXX model has several important properties that make it suitable for 
the HQA model. First, it is a local Hamiltonian that acts on pairs of neighboring qubits, 
and is translation-invariant. Second, it conserves the total magnetization of the lattice, 
which is related to the total entanglement entropy by the Bethe ansatz [22]. Third, it 
exhibits a rich phase diagram that includes ferromagnetic, antiferromagnetic, and spin- 
liquid phases, which can be used to model different regimes of the emergent spacetime 
geometry. 

To simulate the dynamics of the HQA model, we can use a Trotter-Suzuki decompo- 
sition to approximate the unitary evolution operator U(6t) as a product of local unitary 
operators [24]: 

U(6t) = [fete (15) 
(4,5) 
This approximation becomes exact in the limit of small dt, and can be efficiently imple- 
mented on a quantum computer using a sequence of local gates. 

The QCA dynamics generated by the Heisenberg XXX model have several interesting 
properties that are relevant for the HQA model. First, they exhibit a form of quantum 
chaos, in which small perturbations to the initial state can lead to exponentially diverging 
trajectories in the Hilbert space [25]. This property is important for the emergence of 
classical chaos and the arrow of time in the macroscopic limit. Second, they can generate 
long-range entanglement between distant qubits, which is necessary for the emergence of 
a connected spacetime geometry. Third, they can exhibit topological order and anyonic 
excitations, which can be used to model matter fields and gauge interactions in the 
emergent spacetime. 


3.4 Matter and Fields 


In the HQA model, matter and fields arise as excitations or defects in the entanglement 
structure of the qubits. These excitations can be classified into two types: local excita- 
tions, which correspond to particles or fields that are localized in a small region of space, 


and topological excitations, which correspond to particles or fields that are extended over 
a large region of space and have a non-trivial topological structure. 

Local excitations can be modeled as local perturbations to the entanglement struc- 
ture of the qubits, which create a local deficit or surplus of entanglement entropy. For 
example, a particle can be modeled as a local excitation that carries a certain amount of 
entanglement entropy, and moves through the lattice according to a local Hamiltonian 
that describes its interactions with the background entanglement structure. 

To make this idea more precise, let us consider a local excitation that is created by 
applying a local unitary operator U4 to a small region A of the lattice. The reduced 
density matrix of region A after the excitation is given by 


py = Uapaul, (16) 


where p, is the reduced density matrix of region A before the excitation. 
The entanglement entropy of region A after the excitation is given by 


S(A)! = — trp’, log py, (17) 


which is in general different from the entanglement entropy before the excitation, S(A). 

The difference between the two entanglement entropies, AS(A) = S(A)/ — S(A), can 
be interpreted as the entanglement entropy carried by the local excitation. This quantity 
is always non-negative, and vanishes if and only if the excitation is a unitary operator 
that acts only within region A. 

The dynamics of the local excitation can be described by a local Hamiltonian H4 
that acts on the Hilbert space of region A, and generates the unitary evolution of the 
excitation over time: 

Ua(t) = e Hat, (18) 


The local Hamiltonian H, can be chosen to model different types of particles and fields, 
such as fermions, bosons, or gauge fields, and can include interactions with the background 
entanglement structure, such as a coupling to the local curvature of space. 

Topological excitations, on the other hand, cannot be created by local unitary oper- 
ators, and require a global change in the topology of the entanglement structure. These 
excitations are characterized by a non-trivial topological invariant, such as a winding num- 
ber or a Chern number, which measures the amount of entanglement that is ” twisted” 
around the excitation. 

The simplest example of a topological excitation is a pair of anyons, which are quasi- 
particles that exhibit fractional statistics and non-trivial braiding properties [26]. Anyons 
can be created by applying a non-local unitary operator to the lattice, which creates a 
pair of excitations that are entangled with each other, and cannot be separated by local 
operations. 

The dynamics of anyons can be described by a topological quantum field theory, such 
as the Chern-Simons theory or the toric code model [28]. These theories describe the 
braiding and fusion properties of the anyons, and can be used to model exotic phases of 
matter, such as fractional quantum Hall states or topological insulators. 

In the HQA model, topological excitations can be used to model gauge fields and other 
long-range interactions that are mediated by the entanglement structure of the qubits. 
For example, a U(1) gauge field can be modeled as a topological excitation that carries a 
unit of magnetic flux, and interacts with charged particles via the Aharonov-Bohm effect 


[29]. 


The dynamics of the gauge field can be described by a lattice gauge theory, such as 
the Kogut-Susskind model or the Levin-Wen model [31]. These models describe the 
propagation and interaction of the gauge field excitations, and can exhibit a variety of 
phases, such as a confined phase, a deconfined phase, or a topological phase. 

In summary, the HQA model provides a unified framework for describing matter and 
fields as excitations of the entanglement structure of the qubits. Local excitations cor- 
respond to particles and fields that are localized in space, while topological excitations 
correspond to long-range interactions and gauge fields that are mediated by the entangle- 
ment structure. The dynamics of these excitations can be described by local Hamiltonians 
and topological quantum field theories, which can exhibit a rich variety of phases and 
phenomena. 


4 Implications and Predictions 


The HQA model has several important implications and predictions for quantum gravity 
and fundamental physics. In this section, we discuss some of the most significant ones, 
and outline some possible ways to test them experimentally. 


4.1 Discreteness of Spacetime 


One of the key predictions of the HQA model is that spacetime is fundamentally discrete, 
and consists of a finite number of quantum degrees of freedom that live on a lattice. This 
discreteness becomes apparent at the Planck scale, where the size of the lattice spacing 
is of the order of the Planck length, Jp ~ 10~°° m. 

The discreteness of spacetime has several important consequences for quantum grav- 
ity. First, it provides a natural regularization of the ultraviolet divergences that plague 
quantum field theory, and leads to a finite theory of quantum gravity that is free from 
singularities. Second, it implies that there is a maximum density of information in space, 
given by the Bekenstein bound [82], which states that the maximum entropy of a region 
of space is proportional to its surface area in Planck units: 


A 
Smax = =>: 19 
Third, it suggests that there may be a minimum length scale in nature, below which the 
concept of distance loses its meaning. This minimum length scale could be probed ex- 
perimentally by studying the high-energy behavior of particle collisions, or by measuring 


the spectrum of primordial gravitational waves [33]. 


4.2 Holographic Principle 


Another key prediction of the HQA model is that the holographic principle is a funda- 
mental property of quantum gravity, and that the degrees of freedom that describe the 
geometry of spacetime live on a lower-dimensional boundary, rather than in the bulk. 
The holographic principle has several important consequences for quantum gravity. 
First, it implies that the maximum entropy of a black hole is proportional to its surface 
area, rather than its volume, as suggested by the Bekenstein-Hawking formula [84] [35]: 
A 
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This formula has been confirmed experimentally to a high degree of accuracy, and provides 
a strong hint that the degrees of freedom of quantum gravity are holographic in nature. 

Second, the holographic principle suggests that the dynamics of quantum gravity can 
be described by a lower-dimensional theory that lives on the boundary of spacetime. This 
idea has been realized in the context of the AdS/CFT correspondence [5], which relates 
a theory of quantum gravity in anti-de Sitter space to a conformal field theory on its 
boundary. The HQA model provides a concrete realization of this idea, in which the 
boundary theory is a quantum cellular automaton that describes the dynamics of the 
entanglement degrees of freedom. 

Third, the holographic principle implies that the structure of spacetime is emergent, 
and arises from the entanglement structure of the underlying quantum degrees of freedom. 
This idea has been explored in the context of tensor networks [36] [37], which provide a 
way to construct holographic states that exhibit a spatial geometry. The HQA model 
goes beyond tensor networks by providing a dynamical model of how the entanglement 
structure evolves in time, and how it gives rise to the emergent geometry of spacetime. 


4.3 Emergent Quantum Mechanics 


A third key prediction of the HQA model is that quantum mechanics is an emergent 
phenomenon, and arises from the collective behavior of the underlying quantum degrees 
of freedom. This idea has been explored in the context of quantum information theory 
[38] [39], which provides a way to derive the structure of quantum mechanics from a set 
of information-theoretic axioms. 

In the HQA model, quantum mechanics emerges from the dynamics of the quantum 
cellular automaton, which describes the evolution of the entanglement degrees of freedom. 
The key idea is that the quantum state of the system is encoded in the entanglement 
structure of the qubits, and that the unitary evolution of the state is generated by the 
local unitary gates of the quantum cellular automaton. 

This emergent view of quantum mechanics has several important consequences. First, 
it suggests that the wave function of a quantum system is not a fundamental object, but 
rather an emergent description of the entanglement structure of the underlying degrees 
of freedom. This idea has been explored in the context of the many-worlds interpretation 
of quantum mechanics [40], which views the wave function as a branch of a universal 
entanglement structure. 

Second, it suggests that the measurement process in quantum mechanics is not a fun- 
damental operation, but rather an emergent phenomenon that arises from the interaction 
between the system and the environment. In the HQA model, a measurement can be 
modeled as a local perturbation of the entanglement structure, which causes a collapse 
of the wave function and a reduction of the entanglement entropy. 

Third, it suggests that the quantum-to-classical transition is an emergent phenomenon, 
and arises from the decoherence of the entanglement structure due to the interaction with 
the environment. In the HQA model, decoherence can be modeled as a process of entan- 
glement swapping, in which the entanglement between the system and the environment 
is transferred to the environment itself, leading to a classical description of the system. 


it 


4.4 Emergent Standard Model 


A fourth key prediction of the HQA model is that the standard model of particle physics 
is an emergent phenomenon, and arises from the collective excitations of the underlying 
quantum degrees of freedom. This idea has been explored in the context of string theory 
[41] and loop quantum gravity [42], which provide a way to construct the particles and 
fields of the standard model from the fundamental degrees of freedom of quantum gravity. 

In the HQA model, the particles and fields of the standard model arise as local and 
topological excitations of the entanglement structure of the qubits. For example, fermions 
can be modeled as local excitations that carry half-integer spin and obey the Pauli exclu- 
sion principle, while gauge bosons can be modeled as topological excitations that mediate 
long-range interactions between the fermions. 

The dynamics of these excitations are governed by the local unitary gates of the 
quantum cellular automaton, which can be chosen to reproduce the symmetries and 
interactions of the standard model. For example, the U(1) gauge symmetry of electro- 
magnetism can be realized by a local conservation law for the electric charge, while the 
SU(3) gauge symmetry of the strong force can be realized by a non-abelian braiding of 
the color degrees of freedom. 

This emergent view of the standard model has several important consequences. First, 
it suggests that the parameters of the standard model, such as the masses and couplings of 
the particles, are not fundamental constants, but rather emergent quantities that depend 
on the underlying entanglement structure. This idea has been explored in the context of 
the anthropic principle [43], which suggests that the parameters of the standard model 
may be fine-tuned to allow for the existence of complex structures such as stars and 
galaxies. 

Second, it suggests that there may be new particles and interactions beyond the stan- 
dard model, which arise from the collective excitations of the entanglement structure. 
These new particles could include dark matter candidates, such as axions or sterile neu- 
trinos, as well as new gauge bosons that mediate long-range interactions. The HQA 
model provides a framework for constructing and studying these new particles, and for 
predicting their observable signatures. 

Third, it suggests that the unification of the fundamental forces may be realized at 
the level of the entanglement structure, rather than at the level of the particles and fields. 
In the HQA model, the different gauge symmetries of the standard model can be unified 
into a single entanglement symmetry, which is broken by the local unitary gates of the 
quantum cellular automaton. This idea has been explored in the context of grand unified 
theories [44] and supersymmetry [45], which attempt to unify the fundamental forces into 
a single theoretical framework. 


4.5 Quantum Gravity Phenomenology 


A fifth key prediction of the HQA model is that quantum gravity has observable conse- 
quences at low energies, which can be tested experimentally. This idea has been explored 
in the context of quantum gravity phenomenology [33], which studies the possible signa- 
tures of quantum gravity in astrophysical and cosmological observations. 

In the HQA model, quantum gravity effects can arise from the discreteness and holo- 
graphic nature of spacetime, as well as from the emergent nature of quantum mechanics 
and the standard model. Some possible signatures of quantum gravity in the HQA model 
include: 
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e Modifications to the dispersion relations of particles, which could lead to energy- 
dependent time delays in the arrival of high-energy cosmic rays or gamma rays 


[46]. 


e Deviations from the Lorentz symmetry of special relativity, which could lead to 
anisotropies in the cosmic microwave background or the large-scale structure of the 
universe [47]. 


e Corrections to the entropy-area law for black holes, which could lead to observable 
signatures in the gravitational wave signals from binary black hole mergers [34} [35]. 


e Modifications to the inflationary power spectrum of primordial perturbations, which 
could lead to observable features in the cosmic microwave background or the large- 
scale structure of the universe [48]. 


e Signatures of quantum entanglement in the early universe, which could lead to 
observable correlations in the cosmic microwave background or the distribution of 


galaxies [49]. 


These signatures provide a way to test the predictions of the HQA model, and to 
constrain the parameters of the model using observational data. The HQA model provides 
a framework for calculating these signatures, and for comparing them with other models 
of quantum gravity, such as string theory or loop quantum gravity. 


4.6 Quantum Simulation 


A sixth key prediction of the HQA model is that quantum gravity can be simulated on a 
quantum computer, using a quantum algorithm that implements the local unitary gates of 
the quantum cellular automaton. This idea has been explored in the context of quantum 
simulation 51), which uses quantum computers to simulate complex quantum systems 
that are difficult to study analytically or numerically. 

In the HQA model, a quantum simulation of quantum gravity would involve the 
following steps: 


1. Prepare a quantum state that encodes the initial entanglement structure of the 
qubits, such as a tensor network state or a holographic state. 


2. Apply a sequence of local unitary gates that implement the dynamics of the quan- 
tum cellular automaton, using a quantum circuit that is optimized for the specific 
entanglement structure and unitary gates. 


3. Measure the final quantum state to extract observables, such as correlation functions 
or entanglement entropies, that characterize the emergent geometry and matter 
fields. 


4. Repeat the simulation for different initial states and unitary gates, to explore the 
phase diagram and dynamics of the model. 


A quantum simulation of the HQA model would provide a powerful tool for studying 


quantum gravity, and for exploring the emergent properties of spacetime and matter. It 
would allow us to test the predictions of the model in a controlled laboratory setting, and 
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to study the behavior of the model in regimes that are difficult to access analytically or 
numerically, such as strong coupling or high curvature. 

Moreover, a quantum simulation of the HQA model would provide a way to study 
the holographic principle and the AdS/CFT correspondence in a concrete setting, by 
simulating the boundary theory that describes the dynamics of the entanglement degrees 
of freedom. This would allow us to test the duality between the bulk and boundary 
theories, and to explore the emergent geometry and matter fields in the bulk. 

Finally, a quantum simulation of the HQA model would provide a way to study 
the quantum-to-classical transition and the emergence of classical spacetime from the 
underlying quantum degrees of freedom. By varying the parameters of the model, such 
as the entanglement structure or the unitary gates, we could study the conditions under 
which classical spacetime emerges, and the role of decoherence and entanglement in this 
process. 


5 Conclusion 


In this paper, we have presented the Holographic Quantum Automaton (HQA) model, a 
new framework for quantum gravity that combines the principles of holography, quantum 
information, and quantum cellular automata. The HQA model is based on the idea that 
spacetime and matter are emergent phenomena that arise from the collective behavior of 
a network of entangled qubits, which evolve according to a set of local unitary gates. 

The HQA model has several key features that distinguish it from other approaches to 
quantum gravity: 


e It is based on a simple and well-defined mathematical framework, namely quantum 
cellular automata, which have been extensively studied in the context of quantum 
computation and quantum information theory. 


e It provides a concrete realization of the holographic principle, in which the geometry 
of spacetime emerges from the entanglement structure of the underlying quantum 
degrees of freedom. 


e It unifies the description of spacetime and matter, by modeling both as excitations 
of the entanglement structure, which obey the same dynamical laws. 


e It is compatible with the principles of quantum mechanics and the standard model 
of particle physics, which emerge as effective descriptions of the collective behavior 
of the entangled qubits. 


e It makes several testable predictions, such as the discreteness of spacetime, the 
holographic nature of gravity, and the emergent nature of quantum mechanics and 
the standard model. 


The HQA model provides a new perspective on the nature of spacetime and matter, 
and offers a promising approach to the unification of quantum mechanics and general 
relativity. It suggests that the key to understanding quantum gravity may lie in the 
study of quantum information and entanglement, rather than in the traditional geometric 
approach based on the metric and curvature of spacetime. 
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Moreover, the HQA model provides a framework for studying the emergent properties 
of spacetime and matter, and for exploring the role of quantum information in the struc- 
ture and dynamics of the universe. It suggests that the laws of physics may be derived 
from a set of simple rules for processing and transforming quantum information, rather 
than from a set of fundamental equations or symmetries. 

The HQA model also has important implications for the foundations of quantum 
mechanics and the nature of reality. It suggests that the wave function of a quantum 
system is not a fundamental object, but rather an emergent description of the entangle- 
ment structure of the underlying quantum degrees of freedom. It also suggests that the 
measurement process and the quantum-to-classical transition are emergent phenomena, 
which arise from the interaction between the system and the environment. 

Finally, the HQA model provides a new tool for studying quantum gravity, namely 
quantum simulation. By simulating the dynamics of the entangled qubits on a quantum 
computer, we can explore the emergent properties of spacetime and matter, and test the 
predictions of the model in a controlled laboratory setting. This opens up new possibilities 
for experimental tests of quantum gravity, and for the development of new technologies 
based on quantum information and computation. 

Of course, the HQA model is still a speculative and incomplete theory, and much work 
remains to be done to develop it into a fully-fledged theory of quantum gravity. Some of 
the key challenges and open questions include: 


e Deriving the specific form of the local unitary gates and entanglement structure 
that give rise to the known laws of physics, such as the Einstein equations and the 
standard model Lagrangian. 


e Understanding the role of topology and global structure in the emergent geometry 
of spacetime, and how they relate to the entanglement structure of the qubits. 


e Studying the behavior of the model in extreme regimes, such as black holes and 
the early universe, and comparing its predictions with those of other theories of 
quantum gravity. 


e Developing new experimental tests of the model, using both astrophysical obser- 
vations and laboratory experiments, such as quantum simulations and precision 
measurements. 


e Exploring the implications of the model for other areas of physics, such as cosmol- 
ogy, particle physics, and condensed matter physics, and for other fields, such as 
mathematics, computer science, and philosophy. 


Despite these challenges, we believe that the HQA model offers a promising and 
exciting new approach to the problem of quantum gravity, and to the understanding 
of the nature of spacetime and matter. It provides a fresh perspective on some of the 
deepest questions in physics, and opens up new avenues for research and discovery. We 
hope that this paper will stimulate further work on the HQA model, and contribute to 
the ongoing quest for a theory of everything. 
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